Kopp R, Schwerte T, Egg M, Sandbichler AM, Egger B, Pelster B. Chronic reduction in cardiac output induces hypoxic signaling in larval zebrafish even at a time when convective oxygen transport is not required. Physiol Genomics 42A: 8 -23, 2010. First published June 22, 2010 doi:10.1152/physiolgenomics.00052.2010.-In the present study, the zebrafish breakdance mutant (bre) was used to assess the role of blood flow in development because it has been previously shown that bre larvae have a chronically reduced cardiac output as a result of ventricular contraction following only every second atrial contraction in addition to an atrial bradycardia. We confirmed a 50% reduction compared with control fish and further showed that blood flow in the caudal part of the dorsal aorta decreased by 80%. Associated with these reductions in blood flow were indications of developmental retardation in bre mutants, specifically delayed hatching, reduced cell proliferation, and a transiently decreased growth rate. Surprisingly, an increased red blood cell concentration and an earlier appearance of trunk vessels in bre larvae indicated some compensation to convective oxygen transport, although in previous studies it has been shown that zebrafish larvae at this stage obtain oxygen by bulk diffusion. In bre animals immunohistochemical analyses showed a significant increase in hypoxia inducible factor 1 (HIF)-␣ protein expression, comparable with wild-type larvae that were raised under hypoxic conditions. Accordingly, the expression of some hif downstream genes was affected. Furthermore, Affymetrix microarray analyses revealed a large number of genes that were differently expressed comparing control and bre larvae, and the number even increased with proceeding development. The results showed that a chronic reduction in blood flow generated hypoxic molecular signals despite partial compensation by increased oxygen carrying capacity and transiently slowed the overall development of zebrafish bre larvae.
IN ADULT VERTEBRATES convective blood flow through the circulatory system provides the transport of respiratory gases, nutrients, metabolic waste products, and of hormonal cues. Accordingly, metabolic activity and cardiac activity are tightly coupled in adult vertebrates. In early developmental stages of fish or amphibians, however, changes in oxygen consumption are not always accompanied by concomitant changes in cardiac output (2) . Several studies demonstrated that zebrafish can even be raised in an atmosphere containing 1-5% CO, which is sufficient to essentially inhibit hemoglobin-mediated oxygen transport (25, 44, 53) . Oxygen uptake in CO-incubated zebrafish was not different from controls until 42 days postfertilization (dpf), and this clearly showed that hypoxemia does not provoke a hypoxic response in zebrafish larvae. In addition, cardiac-lethal mutants of zebrafish and other vertebrates have been reported to develop properly for the first few days without any heart beat (2, 13, 59) . Therefore, carrier-mediated oxygen transport and perhaps even blood flow are not required at this stage of development as oxygen uptake, and thus aerobic metabolism can be sustained by bulk diffusion. Consequently, the purpose of the early onset of cardiac activity has been questioned (2) .
To demonstrate that beyond the first few days blood flow, however, is essential for proper early development and metabolism, we investigated zebrafish with chronically modified cardiac output. The zebrafish breakdance (bre) mutant (bre tb218 ) was isolated in the ethylnitrosourea screen performed in Tübingen in 1996 (4) and is characterized by cardiac arrhythmia in which only every second atrial contraction is followed by a ventricular contraction (2:1 rhythm). Molecular analysis identified a missense mutation in the zebrafish ether-a-go-go-related gene (zerg), which encodes for the delayed rectifier potassium channel (I Kr ) and is only expressed in cardiac muscle and mainly in the ventricle (31) . Electrophysiological studies demonstrated that repolarization of cardiac myocytes strongly depends on the structural integrity of the pore-forming ␣-subunit of the I Kr (61) because the NH 2 -terminal Per-Arnt-Sim (PAS) domain of this subunit regulates deactivation (63) . In bre zebrafish, precisely this PAS domain shows a point mutation at position 59, i.e., the amino acid Ile has been replaced by Ser (Ile59Ser) (31) . This change results in a conformational alteration, and consequently, the bre mutation causes a delayed ventricular repolarization. The human ortholog of zerg is known as herg (31) , and, like in zebrafish, a mutation in the gene causes QT interval prolongation (46) and cardiac arrhythmia.
In the present study we confirmed the previously established significant reduction in cardiac output in bre animals (27) and significantly extended the physiological characterization of the mutant with a special focus on hypoxic signaling pathways. Expression array analyses were performed to assess the general impact of a chronically reduced cardiac output. The results showed that, in bre larvae, hypoxic signaling was established, and with proceeding development gene expression patterns increasingly deviated from control gene expression patterns.
MATERIAL AND METHODS

Laboratory Animals
For all experiments wild-type (wdt, control) and bre zebrafish (Danio rerio) were used. Adult homozygous bre mutants of zebrafish were obtained from the Max-Planck Institute of Developmental Biology in Tübingen (Artemis Pharmaceuticals). All parent animals were kept in a fish tank of 50 l at a temperature of ϳ26°C.
A controlled breeding system was established, to allow a thorough blending of generations. Therefore, inbreeding could be avoided. In mice inbreeding is defined as at least 20 consecutive generations of sister ϫ brother or parent ϫ offspring mating or a subsequent 20th generation based on a single ancestral pair (The Jackson Laboratory). Our stock was started with six adult homozygous bre zebrafish, no consecutive breeding was done, and fewer than 10 generations were brought up. More than 10 parent zebrafish (up to 50) were always kept for mating, and the single clutches were mixed before letting them mate again. Control stocks were continuously reconditioned by new fish from a local supplier. This ensured that a pool of control fish with a normal genotype was set up.
All eggs were collected soon after spawning and transferred into small beakers that were kept in a temperature-controlled water bath. Water oxygenation was assured by air bubbles and a consistent water inflow. For the experiments larvae were raised at a temperature of 28°C and a 14 h/10 h light/dark cycle.
Animal experiments were performed according to animal ethics permission GZ 66.008/4-BrGT/2004 of the Austrian Federal Ministry for Education, Arts and Culture.
Physiological Experiments
Preparation. To collect data on heart, blood, and tissue vascularization each group of zebrafish larvae (control, bre) was anesthetized with tricaine (0.1 g MS-222/liter tap water, pH 7.0) and embedded in low melting point agarose (including 1.5 mg/ml MS-222). That cardiac performance is not influenced by the anesthetic or by the oxygen-permeable agarose has already been reported (55) . The incubation chamber was fixed to a temperature-controlled microscope stage set to 28°C.
Recording. An inverted microscope (Zeiss Axiovert 25; Zeiss, Jena, Germany) was linked to a digital high-speed video camera (Basler A504k; Basler, Ahrensburg, Germany) that was in turn connected to a personal computer. VLL Toolbox and CCTϩ software (Basler) were used as camera configuration tools, and the recording of the sequences of the single digital pictures was managed by Video Savant 4.0 (IO Industries, London, Ontario, Canada). Video images of anesthetized and fixed larvae were recorded from the heart [500 images, 200 frames per second (fps)] and the caudal part of the aorta dorsalis (200 images, 760 fps) using a 40-fold magnification. The whole vascular bed was recorded using a 20-fold magnification (200 images, 50 fps). Afterward the larvae were carefully removed from the agarose and returned to a separate incubation tank. Heart images of bre larvae were used for analysis only when they showed the 2:1 rhythm of cardiac contraction (27) .
Analysis. Images were analyzed using the software package Optimas 6.5 (Media Cybernetics, Bethesda, MD). Mean end-diastolic (mEDV) and end-systolic volume of the ventricle was determined as described in detail in previous studies (25, 23) . Briefly, the perimeter of the ventricle at the end of diastole and at the end of systole was outlined. The perimeter was analyzed with a "fit-to-ellipse" algorithm, which first calculated its center of mass and subsequently the best fitting ellipse (25) . The major and minor axis were extracted and directly transferred into a Microsoft Excel worksheet for calculation of ventricular volume using the formula for an ellipsoid V ϭ 4/3 * ab 2 (23) . For analysis three diastoles and three systoles were surveyed.
Maximal arterial oxygen transport to tissues was calculated from the number of red cells per nl blood multiplied with cardiac output or blood flow (in nl/min) in the caudal part of the dorsal aorta, respectively.
Blood cell concentration was analyzed by taking series of images of the dorsal aorta caudal to the anus (57) . Therefore, a snapshot of the dorsal aorta of a larva was taken. In this image a rectangular area of interest marking the region between the inner outlines of the vessel was plotted. The volume of the marked vascular section was calculated assuming a cylindrical shape of the vessel V ϭ r 2 * length of the vascular section. All red blood cells within this section were counted and related to its volume. This was repeated twice, and the mean value was taken.
The same images were used to determine flow parameters. By measuring the velocity of the erythrocytes (measuring the distance covered by erythrocytes within a certain time) and blood vessel diameter, we could compute blood flow (56) . For analysis this was repeated twice, and the mean value calculated.
A cast of the vascular bed was obtained by accumulation of differential images from subsequent frames (56) . By subtracting the two fields of a video frame, we visualized any movement that occurred within the 20 ms necessary for the acquisition of one field. By accumulating binarized shifting vectors generated from a number of subsequent video frames, we obtained a complete trace of the routes by which erythrocytes moved. With this method vascular beds of the entire animal could be visualized noninvasively. Typically, the difference pictures of 200 subsequent images were accumulated to obtain a complete cast of the vascular bed. The visualized vascular beds of experimental and control groups were compared, and the number of vessels was counted. In addition, the vascularization of muscle tissue was assessed by determination of the vascularization index (45) . In the axial tail region, vascular casts from 14-dpf-old zebrafish were patched from multiple images. Three parallel lines were placed equidistantly from each other between the spinal cord and the animal's back beginning from the primary vascular loop in the tail and ending at the anus of the animal. Vessel intersections with the lines were counted by peak detection of the luminance spectrum along each line and summed from all lines to obtain a relative index of the vascularization. The n-values of the bre and the control groups were 10 and 13 individuals, respectively.
Perfusion analysis. The number of blood cells entering the intersegmental vessels was measured as described previously (57) with minor adaptations. Images of six intersegmental vessels in the end region of the tail were made with 250 fps. The luminance periodogram of pixels located within a blood vessel and therefore frequently passed by blood cells was filtered by an equiripple low pass filter with a pass frequency of 0.1 Hz and a stop frequency of 35 Hz. In this luminance periodogram peaks or valleys reflected passage of a blood cell, and peak-to-peak distances (reflecting cell-to-cell distances) were converted to a cell-to-cell frequency for each vessel. These frequencies were plotted against time in a tachogram. This tachogram was analyzed by power spectrum analysis to evaluate frequency domains. The mean blood cell frequency of all six vessels was calculated to characterize tail muscle perfusion. n-Values constituted 12 control and 12 bre larvae.
Statistical analysis of physiological parameters. The acquired data were statistically analyzed by using a t-test (software package STATISTICA 7.0; Statsoft, Hamburg, Germany), and significance was accepted when P Ͻ 0.05. Data are presented as means Ϯ SE. n-Values constituted 12 for controls and 24 for bre larvae. Frequencies of vessel presence in control and bre animals were compared using a 2 -test.
Microarray Analyses
Sampling. Samples were taken at 3 dpf (right after hatching), 7 dpf (after their first food uptake), and 32 dpf (when they became juvenile). To exclude daily fluctuations in mRNA expression they were always taken 3 h after lights went on. All groups (control and bre) were investigated by microarray analysis with three independent biological replicates for each sampling point, and for each replicate 40 larvae were examined.
RNA preparation. For total RNA isolation phenol-chloroform extraction with TRIzol reagent (Invitrogen, Carlsbad, CA) was performed. Therefore, 40 zebrafish larvae were lysed according to Ref. 6 . By addition of chloroform and subsequent centrifugation, the RNA was separated and subsequently precipitated with isopropanol. The pelleted RNA was washed (70% ethanol) and resuspended in dimyristoyl phosphatidylcholine-treated water. An additional purification step was achieved by using the RNeasy kit (Qiagen, Venlo, The Netherlands). Quality and concentration were checked by an electro-pherogram [2100 expert (B.02.03.SI307); Agilent Technologies, Santa Clara, CA]. For further analysis only high-quality RNA (RNA integrity number: 10) was used.
Target labeling and hybridization. For Affymetrix GeneChip analysis 1.5 g total RNA was processed to generate a biotinylated hybridization target using "One Cycle cDNA Synthesis" and "One Cycle Target Labeling" kits from Affymetrix (Affymetrix, Santa Clara, CA). All procedures were performed according to the manufacturer's protocol (Gene Expression Analysis, Technical Manual, revision #4; Eukaryotic Target Preparation, revision #3). Total RNA was reversely transcribed into cDNA using an anchored oligo-dT-T7-primer, converted into double-stranded cDNA, and purified with the "Affymetrix Sample Cleanup Kit" according to the manufacturer's protocol. Thereafter, cRNA was generated by a T7-in-vitro transcription step including a modified nucleotide for subsequent biotinylation. Following RNA purification, 20 g of cRNA were fragmented at 95°C using the Affymetrix fragmentation buffer, mixed with 200 l hybridization buffer containing hybridization controls, and hybridized to U133 Plus 2.0 microarrays. The arrays were stained and washed in an Affymetrix fluidic station 450 following the EukGE-ws2v4 protocol. Fluorescence signals were recorded by an Affymetrix scanner 3000, and image analysis was performed with the GCOS software (version 1.2).
Data processing and statistics. GeneChip raw expression values were normalized and summarized using the CARMAweb analysis program (49) . The Affymetrix GeneChip analysis was done by calculating a background correction, normalization (gcma), probe-specific background correction, and summarizing of the probe set values. For the test statistics a moderated t-statistics (limma) was applied. Multiple testing corrections by adjusted P BH-values for the Benjamini-Hochberg set-up false discovery rate-controlling procedure (independent and positive regression-dependent test statistics) were done. Regulation values (M values) for upregulation and downregulation were calculated using the formula M ϭ log2 (R/G), where R and G are the expression values from a sample and the according control sample, respectively. A P BH-value limit of Ͻ0.05 marked significant differences. For comparing control and bre values additionally Praw of Ͻ0.05 plus M Ͼ1.5 (Ͼ3-fold induction) or M ϽϪ1.5 (Ͻ1/3 expression) was marked as significant.
Quantitative Real-time PCR
Sampling. Three biological replicates of 10 larvae each were examined per sampling. Time of sampling was the same as for microarray analyses.
RNA preparation. Total RNA was isolated as described above. Residual DNA was removed with DNaseI (deoxyribonuclease I; Fermentas International, Burlington, Ontario, Canada), and the quality of the extracted RNA was checked by electrophoretic separation on a 1% agarose gel in Tris/borate/EDTA (TBE) buffer and ethidium bromide staining. Total RNA concentration was detected fluorometrically using the maximum fluorescence plate reader (Molecular Devices, Sunnyvale, CA) and Quant-iT RiboGreen (Invitrogen) performing measurements in triplicate. cDNA was synthesized according to manufacturer's manual: applying Revert Aid H Minus M-MuLV reverse Transcriptase (Fermentas International), random hexamer primers, and 540 ng respective sample RNA. Sampling of RNA was repeated twice, and each sample was measured in triplicate. NoRT samples (no reverse transcriptase added during cDNA synthesis) were analyzed as negative control. By the means of Gene runner software (primer express 3.0, Applied Biosystems, Foster City, CA) specific primers were designed (Supplemental Table S1 ). 1 For the expression measurements of mRNA SYBRGreen PCR Master Mix (Applied Biosystems) was applied. Only erythropoietin (epo) mRNA expression was analyzed by TaqMan PCR Master Mix (Applied Biosystems) and a locked nucleic acid probe featuring a black hole quencher and a TET reporter that was designed and produced by SIGMA Proligo (France) (Supplemental Table S1 ). Nonspecific products such as primer dimer formations were checked by dissociation curves. Optimal primer concentrations were determined by primer matrices of different primer concentrations. PCR reactions were carried out in a total volume of 20 l, and an ABI PRISM 7500 Sequence Detector (Applied Biosystems) was programmed to an initial hold at 95°C for 10 min followed by 40 or 50 (epo) PCR cycles comprising 15 s at 95°C and 1 min at 60°C annealing/extension temperature. Using the sequence detection software SDS 1.3 software package (Applied Biosystems), we performed data acquisition and analysis. The linear equation of calibration curves [Eff ϭ 10 (Ϫ1/slope) Ϫ 1] revealed an adequate PCR efficiency (Ͼ90%). Using the linear equation of the appropriate calibration curve, we converted the ct values of the samples to the number of cDNA copies. To standardize differences in the efficiencies of single cDNA syntheses, we normalized the number of copies of sample mRNA to 10 ng total RNA. Since a reliable housekeeping gene has not yet been described for early developmental stages of zebrafish (62) and as common housekeeping genes show variations in their mRNA concentrations under hypoxia (65, 68) , no housekeeping gene was used for normalization. Nevertheless, reproducibility confirmed the reliability of the results. Control and treatment samples were always measured on one Optical 96-well Reaction Plate (Micro Amp; Applied Biosystems, Foster City, CA). Thus, systemic variations biasing single measurements could be excluded. By using the statistical q-test we detected and eliminated outliers that were caused by clutch-dependent variations.
Distinguishing vascular endothelial growth factor isoforms. The vascular endothelial growth factor A (vegf-a) gene comprise several isoforms, of which vegf 121 and vegf165 are the dominant isoforms in zebrafish generated by differential splicing (34) . While vegf165 is missing exon 6, vegf121 lacks exons 6 and 7. To detect vegf165 the sense primer was positioned at the exon 5/exon 7 boundary and the anti-sense primer within exon 7. In vegf121 the exon-crossing sequence showed a poly-A region, and therefore, the primers had to be positioned in exon 5 and exon 8. This primer combination allowed an amplicon of 64 bases, but also one of 165 bases in case the vegf165 isoform was amplified. However, a 165-base amplicon was too long for qRT-PCR and could never be detected. PCR products were repeatedly controlled by electrophoretic separation on a 2% agarose gel in TBE buffer and ethidium bromide staining. Only one band of 64 bases, representing the vegf121 amplicon, appeared (Supplemental Fig. S2 ).
Vegf isoform ratio was calculated by dividing the mean vegf165 mRNA concentration of each sampling point by the corresponding mean vegf121 mRNA value. This was separately done for control and bre data.
Significant differences in mRNA expression were verified by calculating t-tests (software package STATISTICA 7.0, Statsoft Hamburg, Germany), and significance was accepted when P Ͻ 0.05. Data are presented as means Ϯ SE.
Whole Mount Immunohistochemistry
For 5-bromo-2=-deoxyuridine (BrdU) labeling 3-and 7-dpf-old living control and bre larvae (n ϭ at least 7) were soaked in a 5 mM solution of BrdU (Sigma-Aldrich, St. Louis, MO) (60 min). As zebrafish show a circadian rhythm in cell cycle progression and S-phase peaked a few hours before lights were turned off (11) incubation started at Zeitgeber (ZT) 5 or 10.5, where ZT 0 marked the beginning of the light period, and ZT 14 the end. Additional long-term staining was carried out, and therefore 7-dpf-old control and bre larvae were incubated in a 0.5 mM solution of BrdU for 24 h. All animals were anesthetized in tricaine (0.1 g/l tap water, pH 7.0), then fixed in 4% formaldehyde diluted in phosphate-buffered saline (PBS, with 1% Albumin fraction V, Merck, Darmstadt, Germany) (120 min), washed in PBS (30 min), and further in PBS-T (0.1% Triton) (overnight). The larvae were incubated with Protease XIV (0.1 mg/ml, Sigma-Aldrich) until the epidermis appeared slightly jagged. Then they were treated with 2 M HCl at 37°C (60 min) and washed in PBS (45 min) and BSA-T (PBS-T with Albumin fraction V; Merck, Darmstadt, Germany) (30 min). Incubation in primary mouse antiBrdU antibody (1:500 in BSA-T; Roche, Vienna, Austria) and, for short-term samples, additional incubation in primary rabbit antiphos-H3 (1:500 in BSA-T, Roche) lasted overnight at 4°C. On the next day, the animals were rinsed in PBS (60 min) and then incubated in secondary goat anti-mouse antibody [fluorescein isothiocyanate conjugated (FITC), 1:1.000 in BSA-T; DAKO, Glostrup, Denmark] and secondary swine anti-rabbit antibody [tetramethyl rhodamine iso-thiocyanate conjugated (TRITC), 1:1,000 in BSA-T, DAKO] at room temperature (8 h). Afterward the animals were washed in PBS-T (60 min) and mounted in Vectashield (Vector Lab, Burlingame, CA). Documentation of stained whole mounts was done by a Zeiss LSM 510 (Zeiss, Jena, Germany) using an EC Plan-Neofluar ϫ10/0.3 Ph1 objective (Zeiss, Jena, Germany). Images were taken with the Zeiss LSM 510 Software (Zeiss). TRITC emission was observed with 543 nm excitation and a 560 nm long pass emission filter and FITC emission with 488 nm excitation and a 505-550 nm band pass emission filter. Stacks of ϳ100 m (three layers) were generated and projected to one single image. Stained cells at the region between swim bladder and anus were counted by the means of the software package Image J 1.41o (Wayne Rasband, National Institutes of Health, Bethesda, MD). Samples to which no first antibody was added (negative control) did not reveal any signal.
For Hif-1␣ antibody production a rabbit was immunized with a 14-amino acid protein (RVHEGSEASEDSGF), which aligned to the Hif-1␣ sequence between the PAS-A and the PAS-B domain (Eurogentec, Seraing, Belgium). To approve the specificity of the Hif-1␣ antibody binding activity it was used in an immunoprecipitation experiment. The antibody was attached to magnetic beads and used to isolate Hif-1␣ from a homogenate of hypoxic zebrafish Z3 cells. The isolated protein was identified using a polyclonal antibody generated against the recombinant Hif-1␣ protein. Using immunohistochemistry we attempted to demonstrate presence of the Hif-1␣ protein in 7-dpf-old control and bre larvae, and also in wild-type larvae that were exposed to hypoxic conditions (5 kPa O2 partial pressure) for the last 50 h. O 2 partial pressure was measured by an optic oxygen probe (PreSens, Regensburg, Germany). Anesthesia, fixation, and staining of the larvae followed the protocol described for BrdU staining without HCl incubation. As secondary antibody, a swine anti-rabbit antibody (TRITC conjugated, 1:1,000 in BSA-T; DAKO) was used. Additionally, cell nuclei were stained with a 10 min pulse of Hoechst 33342 dye (1:1,000, Invitrogen). Documentation was done by a Zeiss LSM Exciter (Zeiss) with an EC Plan-Neofluar ϫ40/1.30 Oil differential interference contrast objective (Zeiss). Images were taken with ZEN Software (Zeiss). TRITC emission was observed with 543 nm excitation and 560 nm long pass emission filters and Hoechst emission with 405 nm excitation and a 420 -480 nm band pass emission filter. Stacks of 2.5 m (Ͼ40 layers) were generated. To exclude nonspecific signal the first antibody was omitted or competitively blocked (overnight) by recombinant Hif-1␣ protein. No signal was revealed.
Body Length Measurements
Fertilized control and bre zebrafish eggs, 30 each, were incubated at 28°C. Both experimental groups were kept under the same environmental conditions (temperature, light, and number of animals per group). At 6 dpf feeding was started, and both groups synchronously got the same amount of food. At 3, 7, and 32 dpf whole body length was measured via a binocular microscope containing a length scale. A line from the most cranial point of the head to the most distal point of the caudal fin determined body length, which was averaged over 20 animals of each group and each sampling point. Fig. 1 . Cardiac parameters. Heart rate in beats per min (bpm) (A), mean end-diastolic volume (mEDV, nl) (B), and cardiac output (nl/min) (C) of control (black) and bre (white) larvae at 3, 5 and 7 days postfertilization (dpf). Values are represented as means Ϯ SE. *Significance was determined by a t-test (n ϭ 12, P Ͻ 0.05).
The acquired data were statistically analyzed by using a t-test (software package STATISTICA 7.0, Statsoft Hamburg, Germany), and significance was accepted when P Ͻ 0.05. Data are presented as means Ϯ SE.
Activity Measurements
Fish activity was quantified using a custom-made activity monitor that consists of a planar infrared illumination (ϫ10 75 mW/sr LED, 875 nm; Siemens Semiconductors, Texas Instruments, Dallas, TX) and a waterproof charge-coupled device (CCD) camera with a wide range optics (Security-Center TV7041, Conrad Electronics, Hirschau, Germany). The instruments fit over (camera) and under (illumination) the fish incubation chamber. The video signal of the camera was acquired with a frame rate of 1-25 fps using an NI PCI 1410 (National Instruments, Dallas, TX) controlled by a custom-made virtual instrument programmed with LabView (National Instruments). Subsequent frames were arithmetically subtracted, and the number of dynamic pixels extracted from the difference images. As known from previous studies the number of dynamic pixels strongly correlates to the activity level of the observed fish in the beam path between the light source and the CCD sensor. Activity data were stored 24 h per day and continuously plotted against time of day. Artifacts produced by rapid changes in illumination (during feeding) were eliminated. Activity was analyzed for 50 control or 50 bre fish from 1 to 8 dpf. Feeding started at 6 dpf, and the larvae were fed twice a day (at ZT 3 and ZT 11).
RESULTS
We confirmed the bre mutant heart was arrhythmic and bradycardic (Fig. 1A) . Furthermore, determination of mEDV (Fig. 1B) of the ventricle revealed a significant increase compared with 7-dpf-old control larvae, which reinforced the increased stroke volume in bre animals (27) . This enlargement, however, was too small to compensate for the bradycardia and therefore cardiac output was reduced by up to 50% (Fig. 1C ) (27) . Blood flow measurements in the caudal part of the dorsal aorta revealed a reduction of up to 84% (Fig. 2A) . Furthermore, perfusion of intersegmental vessels in the trunk region was significantly reduced (Fig. 2B) . These results and the visualization of the perfused vessel system (Fig. 2E) indicated that perfusion of the cranial parts was reduced by less than 50%.
In vivo determination of blood cell concentration in a blood vessel big enough to avoid any effects of plasma skimming, i.e., in the dorsal aorta behind the anus, revealed a significantly elevated number of blood cells per nl of blood in bre larvae (Fig. 2C ). This increase might compensate for a reduction in blood flow. We therefore calculated the maximum arterial oxygen transport (Supplemental Fig. S3 ). The increase in red blood cell number fully compensated for decreased cardiac Values are represented as means Ϯ SE. *Significance was determined by a t-test (n ϭ 12, P Ͻ 0.05). The whole perfused vascular system of control and bre larvae at 7 dpf (exemplified by E). Brightness represents the degree of perfusion. output at 7 dpf but only partially compensated at 3 and 5 dpf (58 and 68%, respectively). Even so, the reduction in caudal blood flow at 7 dpf was only partially (23%) compensated.
A significantly smaller vascular diameter was detected in bre larvae (Fig. 2D ). To make a statement about the development of the vascular system the presence of the vertebral arteries and the parachordal vessels was recorded. We concentrated on these two vessels because they were the earliest angiogenetically formed vessels, which begin to sprout between 3 and 3.5 dpf (24). Until 5 dpf no difference was detectable (data not shown). Despite of the severely reduced blood flow at 5 and 7 dpf in bre animals the number of detected vertebral arteries was significantly higher compared with control animals (Fig. 3,  A and C) . The number of parachordal vessels was only elevated in bre larvae at 5 dpf. At 14 dpf vertebral arteries and parachordal vessels were fully expressed in all animals. Therefore, the vascularization index, which characterizes the degree of branching in the trunk region, was used to establish possible differences. With a value of 53 Ϯ 3 for control larvae and of 55 Ϯ 2 for bre larvae it was not significantly different between the two groups (Fig. 3B) .
When wdt zebrafish develop at 28°C they hatch between 48 and 72 h postfertilization (hpf). In bre larvae, however, hatching typically occurred between 72 and 120 hpf. We therefore measured body length of these animals and detected a significant reduction in body length of mutant larvae at 3 and 7 dpf, but at 32 dpf this difference disappeared (Fig. 4A) . To address the rate of development at the cellular level as well, we used BrdU and phos-H3 staining to analyze mitotic activity in control and bre larvae. Zebrafish show a circadian rhythm in cell cycle progression, and hence the number of S-phase cells peaks a few hours before sunset (11) . BrdU labeling of 7-dpfold bre larvae to determine the number of S-phase cells resulted in a smaller number of stained cells at 5 h after the onset of light (ZT 5) (Figs. 4B, 5C, 5D ). At 10.5 h, however, the number of stained cells was elevated in bre larvae (Figs. 4C, 5E, 5F), suggesting a shift in cell cycle progression. At 3 dpf this difference was not yet established (data not shown). Marking condensing chromosomes by phos-H3 we could not find any differences between mitosis in control and bre larvae at ZT 5 as well as at ZT 10.5 (Figs. 4, B and C, and 5, C-F) . Thus, no M-phase shift was shown, neither in the number of marked M-phase cells nor in the expression pattern of cyclin B mRNA (Fig. 6) . To assess the general proliferation status we labeled 7-dpf-old control and bre animals for 24 h, and in bre larvae a significantly lower number of cells had entered Sphase (Figs. 4D, 5G, 5H) .
Developmental retardation is a phenomenon often related to diminished oxygen availability. Measuring mRNA concentrations of three hif isoforms did not indicate any differences between control and bre larvae, except for hif-1␣, which was slightly reduced at 7 dpf and elevated at 32 dpf (Fig. 7I) . Interestingly, the factor inhibiting Hif (fih) showed an increased expression level at 3 dpf, but expression returned to control values at 7 dpf (Fig. 7J) .
At the protein level, however, the Hif-1␣ concentration was significantly elevated at 7 dpf. Immunohistochemical staining of Hif-1␣ using a specific antibody directed against a 14-amino acid peptide located between the PAS-A and PAS-B region showed a strong staining in the tail section of bre larvae, while in control larvae very little staining in muscle as well as in vascular tissue could be observed (Fig. 7, A and B) . The staining pattern of bre larvae (Fig. 7, C and D) was actually similar to the pattern observed in wdt larvae raised under low oxygen concentrations (5 kPa; Fig. 7, E and F) . Preincubation of the antibody with the expressed Hif-1␣ protein completely blocked the signal (Fig. 7G) , demonstrating the specificity of the antibody. Furthermore, when the primary antibody was omitted no signal appeared (Fig. 7H) .
To assess the possible functional role of Hif signaling the mRNA expression of two downstream genes was measured namely vegf and epo. In vertebrates the vegf-a gene is ex- Fig. 3 . Vascular parameters. Number of developed vertebral arteries and parachordal vessels at 5, 6, and 7 dpf (A) and vascularization index at 14 dpf (B) of control (black) and bre (white) larvae. Values are represented as means Ϯ SE. *Significance was determined by a t-test (n ϭ 12, P Ͻ 0.05). Typical differences in binarized perfusion patterns (VTA, vertebral artery; PAV, parachordal vessel) of control and bre larvae at 7 dpf (C). pressed in several isoforms, and in zebrafish vegf 121 and vegf 165 are the most prominent isoforms, showing strong angiogenic activity (34) . In wdt zebrafish vegf 121 is the dominant isoform during adulthood, while in early larval stages vegf 165 expression is increased (16) . This is confirmed by our data on control animals (Fig. 8, A and B) . However, in bre larvae vegf 121 expression was chronically elevated compared with control animals. The difference in vegf isoform expression became even more obvious when the expression ratio of both was calculated (Fig. 8C) . In bre mutants the ratio of vegf 165 /vegf 121 was significantly lower than in control animals, which indicated a shift in the splicing activity.
Surprisingly, epo expression measurements demonstrated a significantly decreased level of mRNA in bre animals (Fig.  8D ). Starting at 4 dpf in bre larvae epo was expressed at a rate significantly lower than in control larvae until 12 dpf. At 13 and 14 dpf the expression level was no longer significantly different.
Given the expression changes observed in hypoxia-related genes, as the next step a general expression analysis was performed revealing tremendous differences in the general gene expression pattern between control and bre larvae (Fig. 9A ). Up to 227 transcripts (32 dpf) were significantly altered in their expression level and at all times the majority was downregulated in bre larvae (up to 81%, 32 dpf) (Fig. 9B) .
Focusing on the developmental effects on gene expression we detected only a few changes in the control transcriptome between 3 and 7 dpf (Fig. 9C ): 66 transcripts were affected, out of which 83% increased in expression. In bre larvae, however, at 7 dpf compared with 3 dpf, the expression rate of 419 transcripts was significantly different, with only 58 of the transcripts being upregulated. The number of differently expressed transcripts increased with development. Comparing 7 and 32 dpf larvae in controls as well as in bre larvae the largest number of transcripts was affected (Fig. 9C) . In mutant larvae 2.755 transcripts were significantly altered in their transcription rate, with 58% of the transcripts being downregulated. During the same period in control larvae only 380 transcripts were differently expressed, out of which exactly 50% were upregulated and downregulated. Independent of development, the standard deviation of the control samples was much higher than in bre larvae, indicating a high variability in the gene expression level between individual control larvae.
Comparing control and bre animals, we found only 18 genes were consistently modified at all three developmental stages (Table 1) . Two cardiovascularly relevant genes belonged to this list: lectin galactoside-binding soluble 3 (galectin 3)-like (lgals3l) and nuclear factor (erythroid derived 2)-like 2 (nrf2). Only three genes were constantly upregulated: hm:zeh0402, transcribed locus (AW567122), and apolipoprotein B. Six genes of unknown protein function were constantly downregulated: hypothetical protein LOC792280, transcribed locus (BI879801), wu: fc13c09, si:dkey-178e17.4, zgc:56382, and wu:fj17c0. The other transcripts could be attributed to various pathways or functional units.
Fifteen genes that play a role in cardiovascular development or function showed an altered expression rate in bre animals at least at one sampling point. These included transcripts involved in cardiac performance and cardiovascular control like ATPase Ca 2ϩ transporting cardiac muscle slow twitch 2 (ATP2a2), heart of glass transmembrane isoform or angiotensin I converting enzyme (peptidyl-dipeptidase A) 2, or transcripts involved in blood cell formation like aminolevulinate, delta-, synthase 2 (alas 2); hemoglobin beta embryonic 3; or glutathione peroxidase 1 (gpx1).
A number of genes connected to development and cell proliferation or apoptosis were differently expressed in mutant larvae (Supplemental Table S4 ). Cathepsin L, b (ctslb), for example, a transcript highly expressed during hatching was upregulated in 7-dpf-old bre larvae (Supplemental Fig. S5 ).
Furthermore, in bre larvae protein phosphatase 4, regulatory subunit 1, a blocker of a spindle-forming protein, and G protein-coupled receptor 177, a homolog of drosophila wntless and thus developmentally crucial, were less expressed at all stages. Also nuclear factor (erythroid-derived 2)-like 2, a transcript which is involved in apoptosis, was downregulated at 3 dpf, whereas the apoptosis-inducing death effector domain containing 1 gene was significantly overexpressed at 7 dpf.
Quite surprisingly several genes involved in the generation of circadian rhythmicity (clock genes) were affected in bre larvae. Comparing control and bre larvae 10 clock genes were differently expressed: basic helix-loop-helix domain containing, class B, 3 like (dec2), cryptochrome 1a, cryptochrome 1b, cryptochrome 3, cryptochrome 5, calcium/calmodulin-dependent protein kinase IG, and clock homolog 3 (Supplemental Table S4 ) were upregulated, and clock and per2 were downregulated (Fig. 10, A and B) , at least at one sampling point. The clock gene timeless was mostly affected and continuously downregulated (Fig. 10C) .
For validating the microarray expression data 27 genes were absolutely quantified by qRT-PCR. The comparison of microarray analysis and qRT-PCR data showed that ϳ90% of upregulated or downregulated genes detected by microarray analysis were also detected by qRT-PCR measurements. Actually, qRT-PCR provided a higher number of differently expressed genes. Thus, microarray analysis might rather underestimate the actual expression changes. A; bre, B) . S-phase (green) and M-phase (red) cells in control (C, E) and bre (D, F) larvae at 7 dpf. ZT marks the time of day when BrdU and H3 incubation were started. BrdU staining was also done for 24 h (G, H). Fig. 7 . Hypoxia. Hif-1␣ protein expression (red) and nuclei (blue) in the tail region of 7-dpf-old control (A, B) , bre (C, D) and hypoxia incubated wdt (E, F) larvae. v, Intersegmental vessels; m, muscle segments. When the Hif-1␣ antibody was preblocked by recombinant Hif-1␣ protein (G) or when the antibody was omitted (H) no red signal emerged. Number of hif1␣ (I) and fih (J) mRNA copies in control (black) and bre (white) larvae at 3, 7, and 32 dpf. Values are represented as means Ϯ SE. *Significance was determined by a t-test (n ϭ 3, P Ͻ 0.05).
Stimulated by the observed expression changes of clockrelated genes we analyzed the activity pattern of zebrafish larvae and detected significant differences between bre and control animals. A typical pattern was revealed by both experimental groups, i.e., higher activity during daytime and very low activity during the night, but overall bre activity was much lower. In contrast to control larvae, bre animals also hardly responded to impulses like lights on/off or feeding, and they reached resting activity even before lights went off (Fig. 11) . A consistent day-night pattern was established in both groups at 5 dpf.
DISCUSSION
This study showed that in zebrafish chronically reduced cardiac output had a tremendous impact on the whole organism. Not only the cardiovascular system but also a large number of other physiological and developmental aspects were affected. Interestingly, the number of differently expressed genes increased with proceeding development, suggesting that the impact of the mutation became more and more severe and the convective circulatory system seemed to gain increasing importance for the proper development. The four times higher number of developmentally affected genes in bre larvae indicated a large number of adaptive processes that were switched on. The observed changes might not only be directly attributable to the mutation in the cardiac I Kr , they might also be caused indirectly, i.e., by a generally reduced blood supply and consequences thereof. One important indirect effect was the transient developmental retardation, which in itself may have significantly modified gene expression. Development induces morphological as well as physiological changes that require a more or less constant switching on and off of various genes. As the number of genes showing a development-dependent expression pattern increased in older bre animals (Fig. 9C) , the transient developmental retardation cannot account for all the alterations observed. There must be additional changes contributing to these results.
Structure and Functioning of the Cardiovascular System
Proper functioning of the cardiovascular system is given under certain conditions: a proper mass flow (i.e., blood flow) has to be established to provide the required transport capacity, and a sufficient pressure head has to be generated to provide the driving force for fluid exchange between capillaries and the interstitial fluid. Only in this case an adequate diffusive exchange of hormones, nutrients, and waste products between tissues and the vascular bed is guaranteed. In a previous study we showed that in bre larvae mean blood pressure was only slightly reduced (27) . With respect to blood pressure the results of the present study in bre larvae revealed a smaller blood vessel diameter than in control animals. In addition, red cell number was elevated compared with controls, which results in an increased blood viscosity. The reduced vascular diameter and also the increased blood viscosity contributed to an increase in peripheral resistance and, thus, to a stabilization of blood pressure despite the severely reduced cardiac output. In line with the reduced vessel diameter an increased expression of several genes coding for vasoconstricting factors has been observed in this study: an increasing thromboxane A synthase 1 Fig. 8 . vegf and epo mRNA expression. Number of vegf165 (A), vegf121 (B) mRNA copies, isoform ratio (C), and number of epo mRNA copies (D) in control (black) and bre (white) larvae during the first 2 wk of development. Values are represented as means Ϯ SE. *Significance was determined by a t-test (n ϭ 3, P Ͻ 0.05).
expression during early development and an upregulation of the angiotensin converting enzyme at 7 dpf.
While the mechanisms stabilizing blood pressure appeared to be quite effective in bre larvae, compensation of bradycardia was incomplete as blood flow was significantly reduced. Thus, oxygen, nutrient, or hormonal supply to tissues seemed to be impaired in these mutants.
Growth and Metabolism
A disturbed supply of nutrients and hormones might affect normal development and growth of an organism. In bre larvae several observations indicated developmental retardation. Body length was reduced during the first week of development and also cathepsin L, b (ctslb) expression was delayed. Vogel and Gerster (69) found ctslb first expressed at the stage of 70% epiboly (6 h); later it was only found in cells of the hatching gland. The maximum expression during the hatching period points out the exclusive function of ctslb in this process (64) . Wdt zebrafish, which rise at 28°C, hatch before 72 hpf, and ctslb expression then decreases. In 7-dpf-old bre fish, however, ctslb was still highly expressed (Supplemental Fig. S5 ). Thus the expression data for ctslb are in line with the delayed hatching, which in some bre larvae occurred only at ϳ120 h after fertilization.
The delay in hatching coincided with a decrease in general cell proliferation seen at 7 dpf. In addition, in bre larvae alterations in gene expression were mostly manifested in downregulation, and a number of genes involved in signaling events controlling development, organ differentiation, and apoptosis were affected in this way. A prominent example was the downregulation of topoisomerase DNA I, like (top1l), which catalyzes the breaking and rejoining of DNA strands and therefore plays an important role in replication, recombination, and transcription (1). Downregulation of zgc:64091 (G proteincoupled receptor 177), a homolog of drosophila wntless, at all sampling points demonstrated reduced cell proliferation and thus development and differentiation. The decreased expression of the ring finger protein 13 (rnf13) in bre larvae additionally indicated that protein ubiquitination and thus protein degradation were affected (50) . Furthermore, downregulation of genes like protein phosphatase 4, regulatory subunit 1 (21); nuclear factor (erythroid-derived 2)-like 2 (7); and of RNA terminal phosphate cyclase-like 1; and the upregulation of death effector domain containing 1 (32) revealed that apoptosis and cell degradation were stimulated in bre animals.
Developmental retardation obviously is linked to metabolism, and in fact several metabolically relevant genes were differently expressed in bre larvae. Apolipoprotein B (apoB) Fig. 9 . Overview of gene expression patterns. Microarray analyses comparing control and bre larvae at 3, 7, and 32 dpf revealed a number of differently expressed transcripts (A). Overlapping areas indicate genes being differently expressed at 2 and 3 sampling points, respectively. Fractions of the distribution of up-and downregulated transcripts comparing bre and control larvae at 3, 7, and 32 dpf (B) and developmental changes in control and bre larvae (3 vs. 7 dpf and 7 vs. 32 dpf) (C). was constantly upregulated in bre animals. As apoB is necessary for the assembly and blood transport of LDL cholesterol and as it is overexpressed during fasting (29, 58) , the upregulation in bre larvae indicated an unfavorable nutrition supply, maybe caused by the reduced blood flow. Furthermore, a decrease in carboxyl ester lipase, acetoacetyl-CoA synthetase and phospholipase A2 group IB (pancreas) expression at 3 dpf and in fatty acid binding protein 1b (zgc: 110431) at 7 dpf revealed a connection to cell metabolism. Also fatty acid binding protein 10 liver basic, required for cellular and metabolic trafficking of bile acids (39) , was upregulated at 7 dpf. So, various aspects of metabolism were reduced in bre animals.
Oxygen Supply
As oxygen needs an efficient blood flow to reach the target tissues a possible explanation for developmental retardation would also be hypoxia. Although several studies demonstrated that hemoglobin oxygen transport is not required in early stages of developing zebrafish, our data clearly show that chronically reduced cardiac output interferes with development and causes physiological adaptations that would be consistent with hypoxic exposure: growth rate and mitotic activity were reduced, blood vessel formation was accelerated, and red blood cell concentration was elevated in bre larvae.
A central role in hypoxic signaling is taken by Hif (17, 26, 33) . Posttranslational modifications regulate degradation rate and transactivation activity of Hif in an oxygen-dependent manner (9) , and this appears also to be the case in zebrafish (65, 68) . Measuring mRNA concentration of several hif isoforms did not indicate differences between control and bre larvae, but hif-1␣, however, was significantly reduced in 7-dpfold bre animals. During prolonged hypoxia hif-1␣ negatively regulates Hif-1␣ expression by an increase in natural antisenseHif-1␣ expression, and this in turn destabilizes hif-1␣ mRNA (66) . In 7-dpf-old bre larvae this effect may have contributed to the observed decrease in hif-1␣ mRNA. Furthermore, Fih (factor inhibiting hif) has also been shown to be a negative regulator of Hif (30, 36) , and fih expression was elevated in 3-dpf-old bre larvae, but not in later stages.
Immunohistochemical staining of Hif-1␣ revealed an increased protein concentration in bre larvae, and the staining signal actually was similar to that in hypoxic zebrafish larvae. Another indirect hint towards a reduced oxygen availability was given by the continuously decreased expression of nrf2 (35) . Nrf2 controls the fast increase in antioxidative genes including glutamate cysteine ligase catalytic subunit, the first rate-limiting enzyme in glutathione biosynthesis. Thus, the production of reactive oxygen species might be reduced in bre larvae.
Expression Changes of epo, vegf, and clock Genes
Given the elevated number of red blood cells in bre larvae and the increase in Hif-1␣ protein expression it was quite surprising to see that the epo mRNA concentration was not elevated but even reduced between 4 and 12 dpf. A similar expression pattern was observed by Ton et al. (2003) (65) , who exposed zebrafish embryos to 5% oxygen for 24 h. One possible explanation could be that epo mRNA expression was indeed upregulated during the first 2 days while primitive erythropoiesis is observed (10) and was then downregulated, because the initial stimulation should have been sufficient to achieve a compensation in oxygen transport capacity and blood viscosity.
Another explanation would be that the elevated number of red blood cells was not due to stimulation of erythropoiesis, but due to a prolonged lifespan. This idea is supported by the decreasing expression of aminolevulinate, delta-, synthetase 2, an erythroid-specific isoform that is involved in the first step of heme biosynthesis and exclusively expressed in erythrocytes (41, 52) . In addition, claudin g, which plays a role in cell adhesion and migration during erythropoiesis (48), was downregulated at 3 dpf, and in contrast the expression rate of hemoglobin beta embryonic 3, which was reported to prolong the survival of sickle cells (15) , was higher at 3 dpf. Finally, the increase in lectin galactoside-binding soluble 3 (galectin 3)-like in bre larvae might cause a reduction in red cell phagocytosis (47) . Thus, the elevated red blood cell concentration observed in bre larvae might not only be related to a stimulation of erythropoiesis but also to a prolonged life span of these cells.
While the expression of epo did not support a turned on Hif downstream signaling, the expression of vegf was modified in bre larvae. In vertebrates, the angiogenic growth factor Vegf is encoded in the vegf-a gene, which is expressed in several isoforms (14) : vegf 121 and vegf 165 are the dominating isoforms in zebrafish (34) . In wdt zebrafish vegf 121 isoform expression is high during adulthood, while vegf 165 expression is high during early larval stages (16) . This was also confirmed by our data on control animals. However, in bre larvae vegf 121 expression was chronically elevated, and the ratio of vegf 165 /vegf 121 was significantly lower than in control animals, which indicated a shift in alternative exon splicing. Specific differences in the functional role of the various isoforms have been reported (19, 42) ; nevertheless they act synergistically. So, depending on the isoform ratio, vessels are differently recruited and capillaries expanded (19) .
Hif modifies a large number of physiological and behavioral processes and also interferes with circadian rhythm regulating clock genes. Hypoxia has been reported to alter the expression of period 1 (per1) and circadian locomotor output cycles kaput (clock) (5) . Also the transcription factor basic helix-loop-helix domain containing, class B, 3 like (dec2) is upregulated by Hif-1␣ (38, 8, 20) . Compared with control animals in bre larvae several clock genes showed a different expression pattern. For instance, dec2 was elevated in 7-dpf-old bre larvae. Dec2 represses Clock/Bmal-induced transactivation (22) and subsequently per2 transcription (20) , which was actually reduced in bre larvae. As Per2 needs to interact with Timeless (Tim) via a PAS domain to inhibit the transcriptional activity of the Clock/Bmal1 complex (28) , per2 provides a connection to the chronically reduced tim expression in bre mutant larvae. Tim is also known to pass on the circadian rhythm to the cell cycle (67) , and in human cells a downregulation of tim adversely affected intra-S checkpoints and therefore co-regulated development and growth. So these data clearly show that the expression of various clock genes was severely affected in bre larvae. Whether this is induced by hypoxic signaling or not remains to be demonstrated.
The consequences of the modified expression in various clock genes could be nicely demonstrated by recording the daily activity pattern of the larvae. Zebrafish show a diurnal behavior and are active during the day (3). In general, control as well as bre animals demonstrated this behavioral pattern, although bre larvae revealed a significantly lower overall activity level. In contrast to control larvae, however, bre animals entered the low activity phase before the lights went off. Similarly, daytime activity was resumed some time after the lights had been switched on again. Thus, the typical activity pattern was clearly modified, and also feeding did not induce obvious changes in behavior although locomotor activity should increase when food is provided (54) .
Possible Reasons for the Activation of Hif
While our data clearly showed activated Hif signaling, the reason for this upregulation was not totally clear. Typically, Hif signaling is induced by a lack of oxygen, but because animals at this developmental stage gain oxygen by bulk diffusion (43, 53) and bre larvae were not exposed to hypoxia, the reduced cardiac output need not necessarily mean that bre animals experience hypoxia. Indeed, at 7 dpf the increased red cell concentration in bre larvae significantly alleviated the reduction in cardiac output, although the compensation was not complete and apparently dependent on the developmental stage and the different regions of the body. This becomes even more obvious if it is taken into account that even under normoxic conditions hemoglobin of arterial blood is, depending on developmental stage, not fully oxygen saturated (18) . After all, hypoxic conditions cannot be excluded at least for some tissues. Experiments that demonstrated that early larval stages obtain oxygen by bulk diffusion often used CO or phenylhydrazine to block hemoglobin oxygen transport but never impaired blood flow. Therefore, blood flow and oxygen transport in plasma seem to be necessary to sustain aerobic metabolism much earlier than hemoglobin-bound oxygen transport (53) . In this case the reduced cardiac output would indeed result in reduced oxygen availability in some tissues and induce hypoxic signaling.
Alternatively, Hif can also be upregulated in an oxygenindependent manner. Bre larvae show a reduction in blood flow in the dorsal aorta, and the tail in particular was poorly perfused. Thus, significant changes in shear stress might occur and also be perceived by endothelial cells. An increase in shear stress due to augmented blood flow has been shown to stimulate Vegf and therefore angiogenesis (12) , but during ischemia angiogenesis is induced as well (40) . The production of endothelial nitric oxide (NO) is closely interlinked with shear stress, and NO is also known to induce hypoxia-inducible factor 1 alpha (Hif-1␣) (37) . We measured mRNA expression of arg2, which is important for the regulation of eNOS (60), but we could not find any difference between control and bre larvae (Supplemental Fig. S6 ). Thus, our data did not provide any indication for an alteration in the NO concentration.
Hif-1␣ is not only induced by hypoxia or NO but also by growth factors, cytokines, and hormones, including angiotensin II (51), a known vasoconstrictor. Our expression data revealed an increased expression of angiotensin converting enzyme in 7-dpf-old bre zebrafish, probably the reason for a nearly unchanged blood pressure. Accordingly, Hif signaling may also have been activated by hormonal activity.
A chronic reduction in cardiac output caused a transient retardation and an elevation of Hif-1␣ protein and induced hypoxic signaling even at a time when convective oxygen transport was not required. This shows that, while hemoglobin oxygen transport is dispensable for the proper development in early stages as demonstrated in several previous studies, blood flow is essential. Zebrafish larvae with a severe cardiac bradycardia have the means to stabilize blood pressure, but blood flow cannot be kept at an appropriate level. In consequence, with proceeding development gene expression levels and physiological phenomena increasingly deviated between control and bre larvae. Surprisingly, oxygen also seemed to be a limited parameter although bulk diffusion should be sufficient to adequately supply the small larvae.
